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The addition of Sr in Al-Si alloys as a modifier causes a transition of the morphology of
eutectic silicon from coarse plate-like or acicular to fine fibrous. However, it may also lead
to the formation of long columnar dendritic «-Al phase. Al-5Ti-1B master alloy is often used
as a grain refiner to achieve the fine equaixed grains in aluminum and aluminum alloys.
The aim of the present study is to highlight the effect of Al-5Ti-1B master alloy additions on
the microstructure of near-eutectic Al-Si alloys modified with Sr. When the addition of
Al-5Ti-1B master alloy was below 0.82 mass%, the dendritic «-Al phase changed from long
columnar to equiaxed, and there were no noticeable changes of the morphology and size of
eutectic silicon, while the size of eutectic cells decreased slightly. However, when the
addition was above 0.82 mass%, the deleterious influence of Al-56Ti-1B master alloy on the
modification effect of Sr emerged and with further increases in addition level a fully
unmodified microstructure was finally produced. The results indicate that the effective Srin
the melt decreases with increased addition of Al-56Ti-1B. The poisoning event of Al-5Ti-1B

master alloy on the modification of Sr is supposed to be related with the interaction
between Sr and Ti. © 2002 Kluwer Academic Publishers

1. Introduction

Near-eutectic Al-Si alloys exhibit excellent castability,
good mechanical properties, good corrosion resistance
and weldability, and low thermal expansion [1]. The
commercial importance of these alloys has attracted
many researchers. The eutectic silicon in unmodified
Al-Si alloys is present as coarse flakes and conse-
quently, has a detrimental effect on the ductility. With
small additions of sodium or strontium, the eutectic sil-
icon undergoes a morphological transition from coarse
flakes to fine fibers. Two explanations have been put
forward for the mechanism of modification, and these
have been the subject of many investigations. The first
is based on a restriction of the nucleation of the eutec-
tic Si by the modifying elements [2—5], whereas in the
second it is believed that a restriction of crystal growth
takes place [2, 6-13].

The modification behavior in the Al-Si system was
firstly reported by Pacz [6, 14] in 1921, following an
accidental introduction of sodium fluoride to a flux.
Since then, a number of researchers have studied the ef-
fect of numerous elements on the modification process
[1, 6, 11, 15-21], of which, however, only sodium and
strontium exhibit a strong effect at low concentrations,
which make them suitable for commercial applications.
The recovery rate of strontium in the melt is usually
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of the order of 90% [15, 22]. It has been established
that the rate of oxidation and the loss of strontium from
the melt is much slower than that of sodium, and ap-
parently strontium does not lead to over-modification
[1, 19, 22-24]. In recent years, the use of strontium as
a modifier, instead of sodium, has become widely ac-
cepted, although strontium has been reported to have
an “incubation time” problem [1, 19, 24-26].
Al-5Ti-1B master alloy, an effective grain refiner for
commercial pure aluminum and wrought aluminum al-
loys, is often used in Al-Si cast alloys to achieve fine
equiaxed grains. TiB, or/and TiAl; particles from Al-
5Ti-1B master alloy are thought to be capable of acting
as the nuclei of primary «-Al [27]. However, in the
high silicon level Al-Si alloys (Si content more than
7 mass%), the grain refining power of Al-5Ti-1B mas-
ter alloy was less than that of Al-3B and Al-3Ti-3B
master alloys [27-30]. It was thought that Si poisoned
the nuclei due to the formation of titanium silicide over
the TiAlj; particles [28], and Kori et al. [31] pointed out
that this poisoning effect could be neutralized by in-
creasing the addition level of Al-5Ti-1B master alloy.
Sr addition to near-eutectic Al-Si alloys could pro-
mote the growth of columnar dendrite and also result
in a considerable increase of the amount of dendritic «
phase [32] (i.e. the area percent of the dendritic «-Al

3489



TABLE I The composition of Al-13.0%Si alloy

Elements Si Mg Cu Fe
Content, mass% 13.02 0.05 0.03 0.15

Mn Zn Ti Ca Al
<0.10 <0.08 <0.10 <0.10 balance

phase in the total field of view). In order to obtain good
mechanical properties, both dendrite refinement and eu-
tectic modification are necessary. However, these two
effects have received little attention and interactions
between the modifier (Sr) and the refiner (Al-5Ti-1B)
have not been reported in details. Thus the aim of this
paper is to investigate the effect of Al-5Ti-1B addition
on the microstructure of Al-13.0%Si alloys modified
with Sr.

2. Experimental procedure
Al-13.0%S:i alloy, the composition of which is shown
in Table I, was melted in an electrical resistance furnace
using a graphite crucible. The details of the additions of
Sr, in the forms of Al-4Sr (Al-4.16mass%Sr), and Al-
5Ti-1B master alloy (Al-4.92mass%Ti-0.96mass%B)
are given in Table II. The Al-4Sr master alloy was added
to the melt at ~730°C. After holding for 20 minutes,
hexachlorethane (C,Clg) flux was introduced for de-
gassing, then, the Al-5Ti-1B master alloy was added
to the melt. After 5 minutes holding at ~720°C, the
melt was poured into a metallic mold (grey iron, pre-
heated to 250°C) with a wall thickness of 5 mm. Cylin-
drical castings of 20 mm diameter and 60 mm height
were produced. Metallographic samples were prepared
from the vertical center of the castings. The recovery
of Sr in the melt is low, due to the degassing with hex-
achloroethane (C,Clg) flux, was about 50% as found
by ICP-Spectrometer. The Sr content reported in the
present paper is equal to the addition level of Sr multi-
plied by the recovery. The degassing had no significant
influence on the recovery of Ti in the melt.
Metallographic samples were etched in an aqueous
solution of potassium hexacyanoferrate (K;Fe(CN)g).
An optical microscope (OLYMPUS BX-60M) and
a scanning electron microscope (SEM) (JEOL-JSM
6300), fitted with an Energy Dispersive X-ray Anal-
yser, were used. An improved aqueous solution of
K3;Fe(CN)¢ was prepared for observing the eutectic
cells. The linear intercept method was adopted to mea-
sure the size of the eutectic cells. In order to achieve
representative results, every cell size given is the arith-
metic mean from 100 arbitrary cell counts.

TABLE II The details of compositions used in the present study

Sr content in melts, Al-5Ti-1B master alloy

Heat No. mass% addition level, mass%
1 _ _

2 0.03 -

3 0.03 0.37

4 0.03 0.62

5 0.03 0.82

6 0.03 0.92

7 0.03 1.02

8 0.03 1.20

9 0.03 1.52
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3. Results and discussion

Dendritic @-A1, primary silicon and o-Al+ Si eutec-
tic commonly co-existed in ummodified near-eutectic
Al-Si alloys. In the microstructure of Al-13.0wt%Si al-
loys modified with 0.03mass% Sr content, the primary
Si disappears and the eutectic silicon is present as uni-
formly distributed fine fibers. The addition of strontium
also causes the formation of columnar dendritic «-Al,
as seen in Fig. 1.

3.1. Effect of Al-5Ti-1B addition

on the microstructure
3.1.1. Dendritic «-Al phase
By comparison with Fig. 1b, Fig. 2a shows that the
trunk of the dendrites shortens with an increase in
addition level of A1-5Ti-1B master alloy, but the re-
finement effect of A1-5Ti-1B is not as remarkable
as expected. When the addition level increases above
0.82 mass%, the amount of dendritic a-Al phase
decreases (shown in Fig. 2b). It has been found that
the amount of the dendritic w-Al phase increases
with the addition of Sr in near-eutectic A1-11.6%Si
and A1-11.6%Si-0.4%Mg alloys [33]. These previous
investigations indicate that addition of Sr to A1-Si
cast alloys will increase the difference in the eutectic
temperature between the modified and unmodified

(b)

Figure I Change of dendritic @-Al in Al-13.0%Si alloy (a) without and
(b) with 0.03 mass% Sr modification.



(b)

Figure 2 Morphology of a-Al dendrites in Al-13.0%Si alloy modified
by 0.03 mass%Sr (a) with 0.82% Al-5Ti-1B addition (b) with 1.02%
Al-5Ti-1B addition.

alloys, ATg (ATg = Tgy — Tgm, Where the subscripts
E, U, and M denote eutectic, unmodified and modi-
fied respectively) [16, 20] and lead to a shift of the
eutectic point toward a higher silicon level [6, 24].
So the solidification temperature interval increases
and hence the amount of dendritic w-Al rises. The
decrease in the amount of dendritic «-Al with in-
creased additions of A1-5Ti-1B master alloy indi-
cates that the effective Sr content in the melt de-
creases. Although A1-5Ti-1B master alloy is a strong
grain refiner in pure aluminum and wrought alu-
minum alloys, it seems now to have only slight in-
fluence on promoting the Columnar-Equiaxed Transi-
tion (CET) in near-eutectic A1-Si alloy modified with
Sr. Sigworth and Guzowski [28] proposed that a tita-
nium silicide formed over the surface of the TiAlj parti-
cles in the melt and consequently poisoned the nuclei of
the equiaxed dendrites, and this ideal was supported by
Kori [31]. The presence of this compound haven’t been
confirmed. Mohanty and Gruzleski [27, 34] pointed
out that Si might be dissolved in the TiAl;, forming
(Ti;—x,Six)Al3 and high levels of Si (more than 7%)
resulted in a shift of the peritectic reaction tempera-
ture (liquid + (Ti;—y,Siy)Als — «-Al) to a temperature
so low that the Al-5Ti-1B master alloy had no power
to refine the dendritic «-Al. In the present study, very
fine particles, containing Ti, Si, Al and Sr, were found,
as seen in Fig. 3. The energy-dispersive X-ray analy-
sis of these particles is shown in Fig. 4 and provides
support for the suggestion by Mohanty and Gruzleski.
Kori et al. [31] deemed that increasing the addition of
Al-5Ti-1B master alloy could neutralize the poisoning

Figure 3 Fine particles phase containing Ti, Si and Al in Al-13.0%Si-
0.03% Sr alloy with 1.52 mass% addition level of Al-5Ti-1B master
alloy.

effect of silicon and recover the effectiveness as a strong
refiner of dendritic a-Al. In the present study, however,
when the addition of Al-5Ti-1B master alloy was 1.52
mass%, a fully unmodified microstructure was present,
as shown in Fig. 5. From the above results, it is sug-
gested that the Al-5Ti-1B master alloy cannot meet the
requirement of refining the dendritic o-Al phase in Sr
modified Al-13.0%Si alloy.

3.1.2. Silicon phase

Up to a 0.82 mass% Al-5Ti-1B addition level, there are
no considerable changes of the size and morphology of
the eutectic silicon. The eutectic silicon is in the form of
fine fibers uniformly, as shown in Fig. 6a. When the ad-
dition of Al-5Ti-1B increases to 0.92 mass%, however,
primary silicon phase appeared again. When the addi-
tion of Al-5Ti-1B master alloy is 1.2 mass%, a portion
of eutectic silicon is present as flakes and there are a few
primary silicon particles in the microstructure, as shown
in Fig. 6b. 1.52 mass% addition produces a fully un-
modified microstructure, as seen in Fig. 5. The change
in the form of the eutectic silicon from fine fibers to
coarse flakes demonstrates that the modification effect
of strontium on eutectic silicon is poisoned by the ad-
dition of the Al-5Ti-1B master alloy. It is also indicates
that the effective Sr content in the melts decreases with
increased addition levels of Al-5Ti-1B master alloy.

3.1.3. Eutectic cells

The coupled growth of the a-Al + Si eutectic in the Al-
Si eutectic system results in the formation of eutectic
cells. In the unmodified case, the solid-liquid growth
front of the eutectic seems to be non-isothermal with
silicon flakes projecting ahead of the «-Al phase in a
nearly random array [6, 35], so that it is difficult to ob-
serve the eutectic cells. In the case of alloys modified
by Na or Sr, the eutectic silicon phase no longer pro-
trudes and the coupled growth front is nearly isother-
mal and planar [1, 36], and hence the impurity elements
may concentrate at the eutectic cell boundaries during
solidification. As a result, the eutectic cells in Al-Si al-
loys may be seen clearly after etching in appropriate
solutions. Investigations of eutectic cells in Al-Si al-
loy are scarce. Fig. 7 shows clearly the eutectic cells
in Al-13.0%Si alloy. The variation in the value of the
eutectic cell size with Al-5Ti-1B addition is given in
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Figure 5 Microstructure in Al-13.0%Si alloy (modified by 0.03 mass%
Sr) with 1.52 mass% addition of Al-5Ti-1B master alloy.

Fig. 8. For additions up to 0.82 mass%, the size of the
eutectic cells remains virtually unchanged. At higher
levels of addition, the eutectic cell size increases con-
siderably. Fig. 7 also indicates that the eutectic cell size
with 1.02 mass% addition of the Al-5Ti-1B mater alloy
is larger than that with a 0.82 mass% addition. When
the addition level reaches 1.2 mass%, it is difficult to
evaluate the size of eutectic cells accurately due to the
reappearance of the silicon flakes. This result implies
that the effective Sr content in the melt may play a role
in determining the eutectic cell size. This will be further
studied.

The changes in the dendritic «-Al phase, silicon
phase and eutectic cells with the addition of Al-5TilB
show similar trends, with 0.82 mass% addition level
being associated with significant changes. The mi-
crostructural observations indicate that the effective
Sr content in the melts decreases with addition of the
Al-5Ti-1B master alloy. When the addition is below
0.82 mass%, the residual effective Sr in the melt is
enough to produce a fully modified microstructure.
With further increases in the level of addition, there
is less effective Sr, and consequently the amount of
dendritic «-Al reduces, the primary Si particles reap-
pear and the eutectic silicon forms coarse flakes. When
the addition is 1.52 mass%, the microstructure becomes
fully unmodified again. So, it can be concluded that the
addition of Al-5Ti-1B master alloy to the near-eutectic
Al-Si alloys modified with Sr has no noticeable bene-
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Figure 6 Eutectic structure in Al-13.0%Si alloy (modified by
0.03 mass% Sr) with (a) 0.82 mass% and (b) 1.20 mass% addition levels
of Al-5Ti-1B master alloy.

fit in terms of the refinement of thedendritic «-Al and
eutectic cells, and, when the addition is above a crit-
icallevel (0.82 mass% in the present case) it impairs
severely the modifying effect of Sr on eutectic silicon.

3.2. Poisoning effect of Al-5Ti-1B

on Sr modification
The poisoning effect of the Al-5Ti-1B master alloy on
the strontium modification is believed to be related to



(a)

(b)

Figure 7 Eutectic cells in Al-13.0%Si alloys with (a) 0.82 mass% and
(b) 1.02 mass% addition levels of Al-5Ti-1B master alloy, modified by
0.03mass%Sr.
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Figure 8 Variation of the eutectic cell size with Al-5Ti-1B addition lev-
els in Al-13.0%Si alloy modified by 0.03 mass%Sr.

the reduction of the effective Sr content in the melts,
which in turn changes the amount of dendritic «-Al
phase and the morphology of silicon phase. This is fur-
ther supported by observations of the amount and size
of the accicular phases at the eutectic cell boundaries,
as shown in Fig. 9. When the addition of Al-5Ti-1B is
0.62 mass%, a very fine needle-like phase is present
at the boundaries of eutectic cells, as seen in Fig. 9a,
which increases in size and amount as higher addition,

(b)

Figure 9 Acicular phase in the eutectic cell boundaries in Al-13.0%Si
alloy modified by 0.03 mass%Sr (a) with 0.62 mass% and (b) with
1.02 mass% addition levels of Al-5Ti-1B master alloy.

as shown in Fig. 9b. The energy-dispersive X-ray anal-
ysis of this acicular phase (shown in Fig. 10) indicates
that it contains Al, Si, Fe and Sr. The increase in the
quantity of the Fe phase containing Sr leads to a re-
duction in the effective Sr content in the melts. This
is consistant with the observation of Shabestari and
Gruzleski [37] that Sr in Al-Si alloys could result in
a transition in a Fe-bearing phase from needle-like §-
AlsFeSi to Chinese script «-Al;sFes;Si, accompanied
by a considerable decrease in the size and amount of
Fe-bearing phase.

It is assumed that the reduction in the effective Sr
results from an interaction between the modifier and
the dendrite refiner. TiB, particles from the master al-
loy are thought to be stable in an Al-Si melt [28, 30,
34, 38, 39], so an interaction between B and Sr is un-
likely and no interaction between Ti; B and Sr has been
reported. So it is assumed that an interaction between
strontium and titanium occurs, although a reaction has
not been observed in this or other works. The change
in the morphology of eutectic silicon, however, may
provide indirect evidence for a reaction. The formation
of coarseflakes of eutectic silicon in unmodified alloys
was thought to be related to the phosphorus present
in melts as AIP particles, acting as potential to act as
the nucleation sites for the silicon phase [2, 40, 41]. In
the case of very low phosphorus, the eutectic silicon
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Figure 10 Energy-dispersive X-ray analysis of theacicular phase in Fig. 9b.

is present as fine lamellae or fibers, without or with
Sr modification, respectively, as reported by Heusler
and Schneider [2]. In the present study, before Al-5Ti-
1B master alloy is introduced, there is enough time for
strontium to remove the nucleation sites of the silicon
crystals (AIP particles). If the result of the interaction
between Ti and Sr was not capable of providing nu-
cleation sites for the silicon phase, the eutectic silicon
would be present as fine lamellae even with very low
recovery of Sr in the melt, instead of the coarse acicular
phase observed. One explanation may be that interac-
tion between Ti and Sr may have occurred and that the
reaction product has the potential to act as the nuclei
for eutectic Si crystals. Consequently, the strontium is
consumed and the residual effective Sr in the melt is
decreased.

4. Conclusions
The following conclusions can be made.

(a) The addition of Al-5Ti-1B master alloy in near-
eutectic Al-Si alloys modified with Sr has no noticeable
positive influence on the refinement of the dendritic -
Al phase. The observation of a compound containing
Al, Ti and Si provides supporting evidence for the hy-
pothesis of Mohanty and Gruzleski.

(b) There are no considerable changes in the mor-
phology and size of eutectic silicon and the size of
eutectic cells when the addition of AI-5Ti-1B is less
than 0.82 mass%. When the addition is more than
0.82 mass%, the deleterious influence of Al-5Ti-1B
master alloy on the modification effect of Sr emerges
and with further increase in addition a fully unmodified
microstructure is produced.

(c) The addition of the Al-5Ti-1B master alloy poi-
sons the modifying effect of strontium on eutectic sil-
icon. It is supposed that the interaction between stron-
tium and titanium consumes strontium and hence re-
sults in the reduction of the effective Sr in the melt.
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